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Abstract

In order to correlate how the solvent affects emission properties of tryptophan, the fluorescence and phosphorescence emission spectra of
tryptophan and indole model compounds were compared for solid sugar glass (trehalose/sucrose) matrix and glycerol/water solution and
under the same conditions, these matrices were examined by infrared spectroscopy. Temperature was varied from 290 to 12 K. In sugar glass,
the fluorescence and phosphorescence emission spectra are constant over this temperature range and the fluorescence remains red shifted;
these results are consistent with the static interaction of OH groups with tryptophan in the sugar glass. In sugar glass containing water, the
water retains mobility over the entire temperature range as indicated by the HOH infrared bending frequency. The fluorescence of tryptophan
in glycerol/water shifts to the blue as temperature decreases and the frequency change of the absorption of the HOH bend mode is larger than
in the sugar glass. These results suggest rearrangement of glycerol and water molecules over the entire temperature change. Shifts in the
fluorescence emission maximum of indole and tryptophan were relatively larger than shifts for the phosphorescence emission—as expected
for the relatively smaller excited triplet state dipole for tryptophan. The fluorescence emission of tryptophan in glycerol/water at low
temperature has maxima at 312, 313, and 316 nm at pH 1.4, 7.0, and 10.6, respectively. The spectral shifts are interpreted to be an indication
of a charge, or Stark phenomena, effect on the excited state molecule, as supported by ab initio calculations. To check whether the amino acid
remains charged over the temperature range, the infrared spectrum of alanine was monitored over the entire range of temperature. The ratio of
infrared absorption characteristic of carboxylate/carbonyl was constant in glycerol/water and sugar glass, which indicates that the charge was
retained. Tryptophan buried in proteins, namely calcium parvalbumin from cod and aldolase from rabbit, showed temperature profiles of the
fluorescence spectra that were largely independent of the solvent (glycerol/water or sugar glass) and temperature whereas the fluorescence
and phosphorescence yields were dependent. The results demonstrate how the rich information found in tryptophan luminescence can
provide information on the dipolar nature and dynamics of the matrix.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction all contribute to absorption in the UV range [1,2]. However,

fluorescence spectra of most tryptophan-containing proteins

Proteins can possess multiple chromophores: tryptophan, are dominated by tryptophan due to its high absorption
tyrosine, phenylalanine, and cysteine (-S-S-). These residues extinction coefficient and efficient fluorescence [3].

The fluorescence of tryptophan is exquisitely sensitive to

_— , the environment. Its sensitivity is related to luminescence
Abbreviations: NATA, N-acetyl-L-tryptophanamide; TS, trehalose/ . C .. .

sucrose; ISE, internal Stark effect. propert}es orlglnatlng from the heterogrorpatl.c indole ring of
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the distribution of electrons around the chromophore;
electron density is shifted from the pyrrole ring to the
benzene portion of the ring [4]. This results in a net dipole
moment change of the molecule. The dipole moment of
tryptophan in the ground state is 2.13 D [5]. In the excited
state, the dipole moment is 5.4 D [6].

Due to large charges on the atoms and the intrinsic
polarizability of the indole ring electrons, a charged group
nearby a charged portion of the indole macrocycle can
influence the electrons of the ring. Since the excited-state
molecule has a different distribution than the ground-state
molecule, equilibrium arrangement of solvent molecules
around the ground state and the excited state is different.
The small molecule water is very highly charged; its dipole
moment is 2.95+0.2 D [7]. In the presence of the strong
electric field produced by indole, water molecules will
rearrange position. When water molecules move, they tend
to lower the effect of electric fields.

The result of the solvent rearrangement on the
fluorescence of tryptophan and its derivatives is a red
shift in the emission spectrum [8]. The effect of the solvent
on the tryptophan emission is a function of the charges
near the group, the rate of relaxation of the dipolar
molecules, the nature of the charge distribution of the
indole, and the lifetime of the excited state. The interplay
between the rate of relaxation of solvent and the spectrum
is exemplified by the observation of time-resolved spectral
shifts in the spectrum [9].

While most previous studies examined the properties of
tryptophan, the condition of the solvents were lesser known
[10-16]. In this paper, to see how solvents influence the
spectrophysics of tryptophan, we compare the fluorescence
and phosphorescence spectra of indole derivatives in two
similar matrices that have different dynamic properties. One
matrix is glycerol/water (60:40 v/v). This solvent is liquid
until about 155 K [17], at which point it undergoes a liquid
to glass transition. The second solvent used is trehalose/
sucrose glass. These sugars form optically clear glasses at
high temperatures (65 °C), which are stable over a large
range of temperature [16].

For this study, we compare a wide temperature range
(290-12 K), and correlate changes in tryptophan and indole
fluorescence and phosphorescence with solvent changes as
detected by infrared spectroscopy. One set of experiments
relates to the condition of the matrix: What is the nature of the
matrix? Do temperature-dependent changes occur in the
matrix? The HOH bending mode of water was examined to
see whether water rearranges as temperature changes. The
infrared spectrum of the carboxyl group was used as a marker
for change groups on proteins, and measurements at low and
high pH reveal whether amino and carboxyl groups change
charge over temperature. The second set of experiments
correlates the emission properties of indole with the solvent
changes. The parameters of emission maxima for fluores-
cence and phosphorescence, the fluorescence/phosphores-
cence yields and phosphorescence lifetimes are measured

over a temperature excursion of 290 to 12 K. Three solvent
pH conditions were examined to see whether the protonation
of tryptophan carboxyl and amino groups affect the emission
parameters. Finally, the results are rationalized by examining
charge distribution on indole using quantum calculation at the
HF/6-31G* level of theory. It is shown that the charge
distribution depends upon the protonation of the amino group
and the dielectric of the solvent.

2. Materials and methods
2.1. Materials

Water was deionized and glass distilled. Glycerol 99%, «-
D-glucopyranosyl-a-D-glucopyranoside (D(+) trehalose), a-
D-glucopyranosyl-p-D-fructofuranoside (sucrose), L-Ala-
nine (Sigma Grade), N-acetyl-L-tryptophanamide (NATA),
3-methylindole 99% and aldolase from rabbit were supplied
by Sigma (St. Louis, MO). Fluka BioChemika provided
L-tryptophan. Calcium parvalbumin was prepared from
frozen codfish [18].

2.2. Methods

2.2.1. Sugar glass preparation

Protein or tryptophan compounds in trehalose/sucrose
(TS) glass were prepared as described previously [19].
Trehalose (300 mg) and sucrose (300 mg) were dissolved
in 500 pL distilled water to form TS stock solution. Samples
were prepared as solutions in 10 mM potassium phosphate
buffer, pH 7.0, with the optical density of tryptophan at 280
nm between 1 and 2 OD units. For 3-methylindole, saturated
samples in phosphate buffer had an absorbance of less than 1
OD units; therefore, solubility of the sample was increased
with addition of 5-10% ethanol. The sugar glass was
prepared by adding 100 pL of TS stock solution to 400 pL
of sample solution. Following this step, the sample was
placed on a 25-mm quartz plate of 2-mm thickness (Esco
Products, Oak Ridge, NJ) and allowed to solidify on a VWR
Scientific Products Heat Block at 65 °C overnight. The
resulting sugar glasses were hard to the touch and optically
clear. Final 4,59 measurements were made with the dried TS
glass to insure absorbance between 0.5 and 1 OD units for
fluorescence measurements using front-face geometry. For
IR measurements, 10 pL of the stock sugar solution and 16 pLL
of 1 M L-alanine in D,O were dissolved in 300 pL of D,O.
After adjustment of pD at room temperature to 3.0 using 1 M
of DCI or to pD 10.0 using NaOD, the sample solution was
pipetted to cover a 25 mm round CaF, disk (Janos
Technology, Townshend, VT), which was placed on the heat
block at 65 °C for approximately 2 h until the sample was dry.

2.2.2. Cryo-solution preparation
Protein or tryptophan compounds in glycerol/water
were prepared by first creating 10 mM potassium
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phosphate buffer solutions as described above. Visible
absorption spectra were measured using a Hitachi Perkin-
Elmer U-3000 spectrophotometer (Newtown, PA) and
absorbance was adjusted to between 1 and 2 OD units at
1-cm path length. Glycerol was then added to the samples
to obtain a 60% glycerol/water cryo-solution. Samples
were applied between circular quartz plates separated with
a 200 pm Teflon spacer. For IR measurements, 6 pL of 1
M L-alanine in D,O were diluted in 2 pL of D,O plus 12
pL of glycerol-Dg. After adjustment of pD to 3.0 or 10.0,
the sample solution (20 pL) was placed between two round
CaF, plates with a 6-um Teflon spacer. For glycerol/water
IR samples, 20 pL glycerol/water (60:40) was placed
between two round CaF, plates with a 6 um Teflon spacer.
Trehalose/sucrose IR samples were prepared by dissolving
20 pL trehalose/sucrose stock solution in 380 plL water on
a CaF, plate. The samples were then allowed to dry fully
to form TS dry or partially to form TS wet (sticky).

2.2.3. Spectroscopy

Emission spectra and phosphorescence lifetime of the
studied compounds were measured with a Fluorolog-3-21
Jobin-Yvon Spex Instrument SA (Edison, NJ) equipped with
a 450-W Xenon lamp for excitation and a cooled R2658P
Hamamatsu photomultiplier tube for detection. Front-face
geometry was used for all measurements. A 278- or 280-nm
excitation wavelength was used to observe fluorescence and
phosphorescence emission in the 290-500-nm range. Slit
width was set to provide a band-pass from 2 to 5 nm for
excitation and 2 nm for emission. High-resolution spectra
were measured at lowest temperature with 1-nm slit for
emission taken every 0.5 nm. Correction for the photo-
response of the photomultiplier tube was made to all
spectral measurements through the instrument software.
Phosphorescence decay was measured using Time-Based
Acquisition Mode setting of the DataMax software. The
emission monochromator was set at the maximum peak of
phosphorescence.

Sample temperature for temperature-dependent emission
measurements was regulated using an APD closed cycle
Helitran cryostat (Advanced Research Systems, Allentown,
PA). A chamber was constructed to alleviate strain on
windows due to contraction at low temperature. For
fluorescence/phosphorescence measurements, the outer win-
dows of the compartment were made of quartz and the inner
windows were made of sapphire. Temperature was measured
and controlled using a silicon diode near the sample
connected to a Model 9650 temperature controller (Scientific
Instruments, Palm Beach, FL). Temperature-dependent
measurements were performed from high to low temperature
at 10-K increments.

Infrared absorption spectra were obtained with a Bruker
IFS 66 Fourier transform IR spectrophotometer (Bruker,
Brookline, MA). The sample compartment was purged with
nitrogen to reduce the contribution from water vapor, and
light levels were monitored using an HgCdTe (MCT)

detector. The spectral resolution was 2 cm™'. All spectra

were taken in the transmission mode and transformed to
absorption. The spectra were smoothed using a Savitsky—
Golay smoothing algorithm. The same Helitran cryostat
described above was used for IR measurements, except in this
case windows of CaF, were used on the outer cryostat. The
inner cryostat windows were 2-mm thick and were made of
ZnSe (Janos Technology).

2.2.4. Spectra analysis

SigmaPlot 2001 Version 7.101 (SPSS) was used to
analyze fluorescence data. Fluorescence peaks were fitted
with Weibull function to determine intensity and peak
maximum position. PeakFit Version 4.11 (SYSTAT) was
used to analyze phosphorescence data from 400 to 500 nm.
Phosphorescence peaks were fitted with Gaussian function
following smoothing with the Savitzky—Golay algorithm to
determine intensity and peak maximum position for all
components. Peak maximum position for fluorescence and
phosphorescence (0,0 transition) were plotted versus wave-
length and further fitted with sigmoidal curve function when
appropriate to determine position at high temperature and low
temperature as well as the midpoint of the shift. Additionally,
phosphorescence maximum intensity was plotted as a
fraction of fluorescence maximum intensity across a range
of temperature.

Infrared spectra were analyzed for their components using
the PeakFit Program following Savitsky—Golay smoothing
described above. A Gaussian function in the form:

2

where a, a; and a, denote amplitude, maximal position and
widths, respectively, was used for deconvolution of peaks.

2.2.5. Protein analysis

The program GETAREA was used to determine the
percent of tryptophan exposure to external solvent environ-
ment [20] based on PDB files 1EXS5 [21] and 1BU3 [22] for
aldolase and calcium parvalbumin, respectively.

2.2.6. Molecular modeling

Tryptophan was constructed and Cartesian coordinates
were obtained using CS Chem3D Pro Version 3.5.1
(CambridgeSoft Corporation, Cambridge, MA). The coor-
dinates were then transferred to GAUSSIAN9S [23] for
geometry optimization at the HF/6-31G* level of theory.
The optimized geometries for L-tryptophan under neutral,
positive and negative charge were used for further calcu-
lation. The charges on atoms were calculated and transferred
to DELPHI for dielectric reaction field energy calculations.
The calculations were performed under solvent dielectric of
80 and 2 with all other values left at the program default.
MOLDEN [24] was used for electric field visualization.
When constructing electric field gradients, the rings of
tryptophan were placed in the grid plane with atom C7 in
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the center of the grid. All electric field gradients were based
on the true electrostatic potential function in MOLDEN.

3. Results
3.1. Infrared characterization of solvent

3.1.1. Studies of water in trehalose/sucrose glass and
glycerol/water

Infrared spectra were taken over a range of temperature
under different solvent conditions—glycerol/water, TS wet
and TS dry. Fig. 1 shows the IR spectra for water in TS dry
(A), TS wet (B) and glycerol (C) from 1200 to 1800 cm .
TS dry contains little water in comparison to TS wet and
glycerol solvent conditions. TS wet produces a more
prominent peak than TS dry between 1600 and 1700
em . This peak, identified as arising from HOH bending
mode, is centered at ~1650 cm ™ '. The absorption bands of
the water (HOH) bending regions were examined for
position shifting with temperature. In TS glass, the
absorption maximum of this peak shifts little (~9 cm ') in
the range of the temperature change. In contrast, the HOH
bending shift in glycerol is >20 cm™'; the HOH bending

Absorbance

1200 1300 1400 1500 1600 1700 1800
Wavenumber (1/cm)

Fig. 1. IR absorption spectra of TS dry (A), TS wet (B), and 60% glycerol/
water (C) from 290 K to 12 K. Arrows indicate direction of decreasing
temperature.
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Fig. 2. Temperature dependence of the HOH bending maximum position of
water in glycerol (dark circles) and TS wet (light squares) (see Fig. 1).

band shifts from 1652 cm ™' at room temperature to 1676
cm ! at low temperature (12 K).

The shift of the HOH bending mode is further depicted in
Fig. 2, which shows the wave number versus temperature
for the HOH bending band in glycerol and TS wet. The shift
is greater for HOH in glycerol, and at the lowest temperature
the frequency of the bending mode absorption is higher for
HOH in glycerol than in TS sugar glass.

3.1.2. Studies of protonation in trehalose/sucrose glass and
in glycerol/water

Infrared spectroscopy can be used to monitor the
ionization state of the carboxyl group [25]. The limited
solubility of tryptophan hinders its use in IR, but alanine
was employed as a model amino acid. The absorption of
L-alanine in D8-glycerol/D,O is shown in Fig. 3A. The
peak at 1610 cm ™' is attributed to the stretch mode of the
carboxylate group and the peak at 1720 cm ™! is the stretch
of the carbonyl from the protonated carboxyl group. The
pD is chosen so that there is approximately equal molar
ratio of each at room temperature (the difference in
absorption arises from different extinction coefficients).
The ratio of intensities does not change with temperature. A
similar profile is seen for L-alanine in trehalose/sucrose
glass (Fig. 3B). In Fig. 3C, the spectrum of L-alanine at pD
10 is shown. In this case, the carboxylate absorption is
measured and the pD is chosen such that there is
approximately equal contribution from alanine where the
amino group is protonated and deprotonated (i.c., neutral).
The peak at 1570 cm™ ' arises from the neutral form. The
ratios of intensities remain approximately the same,
indicating that the protonation does not change over the
temperature range. The carboxylate frequency shifts lower
as temperature is lowered—consistent with increased
hydrogen bonding to solvent [26]. The change in frequency
as a function of temperature is documented in Fig. 4. These
data show that in both solvents the ionization of carbox-
ylate and amino groups is retained over the temperature
range.
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Fig. 3. IR absorption spectra of the carboxylate and carbonyl stretching region of L-Ala in Dg-glycerol/D,0O (60:40, v/v) pD 3.0 (A); trehalose/sucrose glass
(1:1 molar ratio prepared at 65 °C), pD 3.0 (B); Dg-glycerol/D,0 (60:40, v/v), pD 10.0 (C). The temperature was varied from 295 K (bottom-most spectra) to
12 K (upper-most spectra). vco is seen at 1610 cm™ (A, B) and 1570 cm™ (C). veo is seen at 1730 cm™ (A, B) and 1600 cm™ (C).

3.2. Emission spectra

Emission spectra of tryptophan and indole derivatives in
the two solvents were taken over a range of temperatures
and pH conditions. Representative spectra are given in this
section. Table 1 summarizes the fluorescence and phosphor-
escence peak emission positions.

3.2.1. Indole emission in solid and fluid protic environments

Fig. 5 shows the emission spectra of NATA from high
temperature (290 K) to low temperature (12 K) in dry TS
glass and glycerol/water. The emission from 290 to 390 nm
arises from fluorescence, and the peaks from 400 to 500 nm
come from phosphorescence. When in the same solvents,
NATA and 3-methylindole (spectra not shown) exhibit
similar emission profiles. In dry TS glass (Part A of Fig.
5), the fluorescence spectral profile retains its shape and
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Fig. 4. Temperature dependence of the frequency peak positions of the IR
vHco absorption band. L-Ala in TS glass at pD 3.0 (filled squares), L-Ala in
D,0-Dg-glycerol at pD 3.0 (filled circles), and at pD 10.0 (open circles and
open squares).

little shifting occurs in An.c over the temperature
excursion. This has been previously reported [19]. How-
ever, in glycerol/water (Part B of Fig. 5) and in wet TS
glass (not shown), fluorescence parameters change drasti-
cally with temperature. At high temperature, the spectrum
is broader, of lower intensity, and more red shifted than
that seen at low temperature. We note that the fluorescence
spectrum at low temperature shows significant changes in
profile as compared to the spectrum at high temperature.
The striking difference between the two solvents is an
indication of dissimilarity in dynamics, which we discuss
later.

3.2.2. Tryptophan emission in protein environments

The effect of protein environment was determined by
examining temperature-dependent fluorescence and phos-
phorescence for proteins in which tryptophan is buried
within the protein. Two proteins with buried tryptophan—
calcium parvalbumin and aldolase—are ideal models. The
single tryptophan in calcium parvalbumin located at
residue 102 is completely buried with calculated solvent
exposure of 0%. The three tryptophan residues of aldolase
monomer—W 147, W295 and W313—have solvent expo-
sure of 0%, 0.3% and 1.6%, respectively. Both calcium
parvalbumin and aldolase represent examples of cases
where tryptophan is highly buried within the protein. The
effect of buried tryptophan residues on phosphorescence
for a number of proteins is discussed in review articles
[3,24].

Fig. 6 shows emission spectra for calcium parvalbumin.
Spectra for aldolase are not shown. In dry TS glass (Part A of
Fig. 6), fluorescence spectra for tryptophan in both proteins
are similar; there is only a small increase in intensity and no
observable shifting occurs in 4, from high to low temper-
ature. In glycerol/water (Part B of Fig. 6), fluorescence at high
temperature is less defined and of lower intensity than that
seen at low temperature. In the case of the proteins, the
fluorescence peaks do not shift in either solvent but the
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Table 1
Fluorescence and phosphorescence (0,0 transition) peak position of indole compounds as a function of temperature
Compound Solvent pH Fluorescence Phosphorescence
Min (~12 K) Max (290 K) Inflection pt (K) Min (~12 K) Max (290 K)  Inflection pt (K)
L-tryptophan 60% glycerol/H,O 1.4 3121 340.1 2259 405.2 408.8 173.8
L-tryptophan 60% glycerol/H,O 7.0 3133 344.6 220.6 405.2 413.2 180.4
L-tryptophan 60% glycerol/H,O 10.6 3163 351.8 216.2 407.8 413.5 170.7
L-tryptophan TS film 7.0 3207 412.2
L-tryptophan TS film 10.6  326.9 409.9
3-methylindole  glycerol/H,O, EtOH, 7.0 3229 353.0 224.0 415.2 418.3 170.2
(60/32/8%)
3-methylindole TS film 7.0 327.1 415.6
NATA 60% glycerol/H,O 7.0 3158 347.6 219.8 406.4 413.5 175.1
NATA TS film 7.0 3219 409.5
Calcium 60% glycerol/H,O 7.0 3152 407.6
parvalbumin
Calcium TS film 7.0 3134 408.5
parvalbumin
Aldolase 60% glycerol/H,O 7.0 313.1 411.2
Aldolase TS film 7.0 316.6 411.0

For S-shaped curves, minimum, maximum, shift amount and shift midpoint are listed. For linear plots, only the position at minimum temperature is listed.

intensity is markedly temperature dependent in the fluid
glycerol/water solvent.

3.2.3. Spectral properties of exposed and buried indoles in
solvents

The spectra presented in Figs. 5 and 6 contain information
on both fluorescence and phosphorescence, and we now
compare the temperature dependence. Fig. 7A,B shows the
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Fig. 5. Fluorescence/phosphorescence emission spectra of NATA at 290 K
and 12 K in TS film (A) and 60% glycerol/water (B). Also shown are data
for 30-K increments. Arrows indicate direction of decreasing temperature.

effect of tryptophan solvent exposure on temperature-
dependent fluorescence maximum change in TS glass and
glycerol/water, respectively. Fluorescence maximum is con-
stant across temperature for tryptophan residues that are
buried in proteins in both TS glass and glycerol/water. Peak
position remains between 313 and 316 nm for calcium
parvalbumin and aldolase in both conditions. For exposed
indole, as in NATA and 3-methylindole, solvent composition
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Fig. 6. Fluorescence/phosphorescence emission spectra of calcium parval-
bumin at 290 K and 12 K in TS film (A) and 60% glycerol/water (B). Also
shown are data for 30-K increments. Arrows indicate direction of
decreasing temperature.
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Fig. 7. Effect of protein environment on temperature dependence of
fluorescence maximum position of NATA (filled circles), 3-methylindole
(open circles), calcium parvalbumin (filled triangles), and aldolase (open
triangles) in TS film (A) and 60% glycerol/water (B).

affects fluorescence peak position. In TS glass, 4.« changes
in an approximately linear fashion over temperature; the peak
becomes slightly red shifted at higher temperatures. In
glycerol/water, 4. exhibits a larger red shift with a
sigmoidal trend. Shift in fluorescence maximum position
from low to high temperature is approximately 10-fold
greater for exposed indole in glycerol/water than in TS glass.
Numerical data are summarized in Table 1.

The effect of protein environment, or degree of solvent
exposure, on change in phosphorescence maximum position
for protein and compounds in TS glass and glycerol/water is
shown in Fig. 8 A,B. Phosphorescence exhibits trends similar
to those seen for fluorescence. Buried tryptophan residues
show constant /. in both TS glass and glycerol/water.
Exposed indole exhibits phosphorescence with constant
peak position in TS glass but shifting position in glycerol/
water.

The ratio of phosphorescence intensity to fluorescence
intensity varies for proteins and reference compounds as
shown in Fig. 9A,B (Table 2). This result is an indication
that the ratio of the intersystem crossing rate constant to the
single state depopulation rate constants as well as the triplet
state depopulation rate constant are affected by solvent. To
test this, phosphorescence lifetimes were measured and are

presented in Table 3. For buried tryptophan residues,
solvent composition plays less a role in determining
phosphorescence lifetime than when the indole ring is
exposed [27-30].

3.2.4. Emission of tryptophan in glycerol/water under
different protonation states

The effect of solvent pH on tryptophan spectral proper-
ties was determined through measurement in solvents with
three pH values: 1.4, 7.0 and 10.6. High and low pH values
were selected to be at least one pH unit below the carboxy-
terminus pK, (2.4) and one unit above the amino-terminus
pK, (9.4) of free tryptophan [31].

The fluorescence and phosphorescence of indole will
shift according to the local electric field around the
chromophore [32]. To impose a field, the charge on part
of the molecule that is not conjugated to the ring was
charged by changing the pH. Fig. 10 compares the
normalized emission spectra of tryptophan in glycerol/water
solutions of varying pH at low and high temperature. The
fluorescence maximum positions for tryptophan change
significantly with solvent pH at high temperature; there is a
12-nm red shift in 4,,,, from pH 1.4 to pH 10.6. In contrast,
at low temperature, the fluorescence maximum positions are
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Fig. 8. Effect of protein environment on temperature dependence of
phosphorescence maximum position of NATA (filled circles), 3-methyl-
indole (open circles), calcium parvalbumin (filled triangles), and aldolase
(open triangles) in TS film (A) and 60% glycerol/water (B).
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Fig. 9. Effect of protein environment on temperature dependence of phos-
phorescence intensity as a fraction of fluorescence intensity of NATA (filled
circles), 3-methylindole (open circles), calcium parvalbumin (filled triangles),
and aldolase (open triangles) in TS film (A) and 60% glycerol/water (B).

only slightly affected by solvent pH; the shift in A,,,, from
pH 1.4 to pH 10.6 is only 4 nm. The shifts are further
illustrated in Fig. 11B, which shows the effect of solvent pH
on temperature dependence of fluorescence A, for
L-tryptophan under various pH conditions of the glycerol/
water solvent. At high temperature, tryptophan fluorescence
is red shifted to 351 nm at pH 10.6 and blue shifted to 340
nm at pH 1.4 when compared with pH 7.0 conditions (344
nm). Change in solvent pH also has an affect on the
magnitude of fluorescence maxima shift across the temper-
ature range. As pH increases, the amount of shifting from
high to low temperature increases; Ay shifts 28 nm under
low pH and 36 nm under high pH. However, the temper-
ature at which the midpoint of fluorescence maximum shift
occurs is similar across pH—with values from 220 to 225
K—markedly above the glass transition for solvent (155 K).
In contrast, the fluorescence /.5 for L-tryptophan does not
change greatly with temperature; values remain nearly
constant at 321 and 328 nm for pH 7.0 and pH 10.6,
respectively. For numerical data, see Table 1.

Fig. 12 shows the effect of solvent pH on temperature
dependent change of phosphorescence A4,... In glycerol/
water, the phosphorescence maximum position of trypto-
phan is dependent upon temperature. At high temperature,

the peak position of tryptophan phosphorescence in solvent
pH 10.6 is similar to that in neutral pH solvent. In contrast,
at low temperature, phosphorescence at pH 1.4 approaches
values similar to pH 7. For all pH conditions, the shift
midpoint is around 175 K. However, the amount of
shifting varies; phosphorescence of neutral tryptophan
undergoes a larger shift with temperature than either of
the charged molecules. In TS glass, the peak position is not
as greatly affected by temperature. Tryptophan phosphor-
escence exhibits peaks around 412 and 410 nm across the
tested temperature range for solvent pH 7.0 and 10.6,
respectively. We were unable to get results for tryptophan
in dry TS glass at pH 1.4 due to reactions of the sugars at
this pH.

Fig. 13 shows the phosphorescence intensity as a fraction
of fluorescence intensity across temperature for tryptophan
in different pH solvents. The P/F ratio for all glycerol/water
solvent pH experimental conditions mirrors the ratio
observed for the tryptophan control condition in glycerol/
water pH 7.0. However, in TS glass, differences exist in the
ratio for the charged and neutral conditions. While the ratio
values for the two conditions fit expected values, the shift
point of neutral tryptophan in TS glass is uncharacteristi-
cally low compared to other exposed indoles. Numerical
data are summarized in Tables 1 and 2.

Phosphorescence lifetime increases slightly with increased
pH as seen in Table 3. Average lifetime increases from 5.13 s
atpH 1.4 to 5.50 s at pH 7.0 and 5.68 s at pH 10.6.

3.3. Molecular modeling

Fig. 14 shows the electric field gradients of L-tryptophan
when the molecule is overall positively charged (A), neutral
(B) and negatively charged (C). When the molecule is
neutral, a negative electric field surrounds the oxygen of the

Table 2
Phosphorescence intensity of indole compounds as a fraction of
fluorescence intensity across temperature

Compound Solvent pH Max Shift pt (K)
L-tryptophan 60% glycerol/H,O 1.4 0.071 178.2
L-tryptophan 60% glycerol/H,O 7.0 0.075 179.0
L-tryptophan 60% glycerol/H,O 106 0.072 183.0
L-tryptophan TS film 7.0 0.046 170.3
L-tryptophan TS film 106 0.054 2232
3-methylindole  glycerol/H,O/EtOH 7.0 0.043 182.1
(60/32/8%)
3-methylindole TS film 7.0 0.032 218.7
NATA 60% glycerol/H,O 7.0  0.077 180.3
NATA TS film 7.0 0.066 2413
Calcium 60% glycerol/H,O 7.0  0.132 172.1
parvalbumin
Calcium TS film 7.0  0.090 2322
parvalbumin
Aldolase 60% glycerol/H,O 7.0 0.062  207.0
Aldolase TS film 7.0 0.048  245.6

For curves fitting sigmoidal function, maximum P/F at low temperature and
shift midpoint are listed.
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Table 3

Phosphorescence lifetime of indole compounds at low temperature

Protein Solvent pH Temperature (K) Peak (nm) Average (s) SD

L-tryptophan 60% glycerol/H,O 1.4 15 432 5.13 0.067

L-tryptophan 60% glycerol/H,O 7.0 12 431 5.50 0.000

L-tryptophan 60% glycerol/H,O 10.6 12 434 5.68 0.042

L-tryptophan TS film 7.0 12 412 3.16 0.086
439

3-methylindole glycerol/H,O/EtOH 7.0 12 442 5.54 0.25

(60/32/8%)

3-methylindole TS film 7.0 11 441 3.63 0.17

NATA 60% glycerol/H,O 7.0 12 433 5.40 0.29

NATA TS film 7.0 11 432 4.09 0.082

Calcium parvalbumin 60% glycerol/H,O 7.0 12 435 5.23 0.11

Calcium parvalbumin TS film 7.0 12 436 4.36 0.025

Aldolase 60% glycerol/H,O 7.0 12 411 3.11 0.32
438

Aldolase TS film 7.0 12 411 3.53 0.31
438

carboxyl group-stemming from the negatively charged
oxygen of this group. As seen by the number and spacing
of the contours, this negative electric field is relatively weak
in peak intensity compared to the positively charged field
surrounding the rest of the molecule. As the molecule
becomes positively charged, the localized negative electric
field disappears entirely while the positive electric field
remains relatively unchanged. In contrast, as the neutral
molecule becomes negatively charged, the negative electric
field intensifies—peaking at three locations corresponding to
the two carboxyl oxygens and the unpaired electrons of the
amine group. The location of this charged field is mainly at
the pyrrole end of the indole ring—a positioning that has a
large affect on spectroscopic characteristics of the molecule.

The electrostatic contribution to free energy of solvation
(kcal/mol) for tryptophan in solvent with dielectric 80 and 2
is presented in Table 4. In solvents with high dielectric, such
as those with high water content, the charged molecules
have a more negative free energy of solvation (—106.45 and
—93.90 kcal/mol, for the positive and negative molecules,
respectively) than the neutral molecule (—21.48 kcal/mol).

Intensity

G T T T T T T T T T
290 310 330 350 370 390 410 430 450 470 490
Wavelength (nm)

Fig. 10. Normalized emission spectra of L-tryptophan in 60% glycerol/
water at pH 1.4 (light), pH 7.0 (medium) and pH 10.6 (dark) at high
temperature and low temperature.

In solvents with low dielectric constant, as would be
expected for those containing a high percentage of organic
molecules, the difference is less noticeable: —3.38x 1072 for
the neutral molecule versus —6.72x 1072 and —4.07x102
for the positive and negative molecules, respectively.
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Fig. 11. Effect of solvent pH on temperature dependence of fluorescence
maximum position of L-tryptophan in TS glass (A) and 60% glycerol/water
(B) at pH 10.6 (filled squares), pH 7 (open circles) and pH 1.4 (filled
circles).
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4. Discussion

4.1. Microenvironment rearrangement as a function of
temperature

Dipolar interactions and hydrogen bonding are the
predominant forces that influence water structure. As
temperature decreases, hydrogen-bonding strength gets
stronger, and the frequency of the HOH bend goes
higher [33]. The relationship between frequency and
hydrogen bonding is demonstrated by comparing the
bending frequency for water in gas and liquid; these
values are 1594.7 and 1648 cm ™', respectively [34]. In
looking at our data, we note that at room temperature the
water bending frequency in TS film has the same value as
liquid water, whereas the bending frequency for water in
glycerol/water solutions has a slightly higher value (Fig.
2). A higher value, indicating ordering of water, is also
reported for water in ethanol solutions [35]. As temper-
ature decreases, in both solid trehalose or in glycerol, the
frequency of the HOH bending band increases, but the
shift is larger for water in glycerol/water (Fig. 2). The net
result is that at low temperature, the hydrogen-bonding
characteristic of water in the trehalose/sucrose glass more
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Fig. 12. Effect of solvent pH on temperature dependence of phosphor-
escence maximum position at 0,0 transition of L-tryptophan in TS glass (A)
and 60% glycerol/water (B) at pH 10.6 (filled squares), pH 7 (open circles)
and pH 1.4 (filled circles).
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Fig. 13. Effect of solvent pH on temperature dependence of phosphor-
escence intensity as a fraction of fluorescence intensity of L-tryptophan in
TS glass (A) and 60% glycerol/water (B) at pH 10.6 (filled squares), pH 7
(open circles) and pH 1.4 (filled circles).

resembles that of liquid water than does the water in
glycerol/water glass.

A possible explanation for the decreased restriction of
water movement in TS is that in lower concentrations, such
as those seen in TS, water molecules lack the ability to
become structured with other water molecules at low
temperature due to their isolation in the TS glass matrix.
In glycerol/water, where the water concentration is higher,
more water—water interactions are able to form. The
tunneling of hydrogen of one water molecule to form a
bond with adjacent water would occur even at low temper-
ature. In dry TS glass, there is little change in the IR spectra
over the temperature excursion (Fig. 1), indicating without
water the sugar molecules do not have the ability to
rearrange as temperature decreases.

Preservation of the sugar environment in dry TS is
demonstrated further through the effect of its rearrangement
on indole spectra discussed in the next section. Before
moving to that discussion, one should note that when
studying samples at low temperature, one must also be
concerned that protonation of groups change. In both
solvents, the protonation of amino and carboxyl groups
were retained over the temperature range (Fig. 3). In
glycerol/water, the peak of the symmetric COO™ stretch
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A B

Fig. 14. Electric field gradient of L-tryptophan, charge +1 (A), charge 0 (B), charge-1 (C). Red contours indicate negative charge and blue contours indicate

positive charge. Contour values are in increments of 0.0125.

shifts with temperature (Fig. 4). The shift to lower frequency
means that the asymmetric stretch mode was stabilized by
hydrogen bonding. This stabilization was not enough to
significantly change the pK of the group, however.

4.2. Spectral characteristics are dependent on microenvir-
onment rearrangement

Solvent-exposed tryptophan can realize hydrogen-bond-
ing contributions from several water molecules in the
surrounding environment, thereby resulting in greater
electron transfer from the indole pyrrole ring to benzene
ring [8]. Therefore, solvent-exposed tryptophans are gen-
erally more likely to exhibit larger red shifts than buried
tryptophans. As noted above in this study, both NATA and
3-methylindole exhibit large red shifts of close to 30 nm
with change in temperature (Fig. 7B). In glycerol/water, this
shift occurs as temperature is decreased from ~250 to 180
K—temperatures prior to the glass transition (155 K). These
results suggest that as solvent viscosity increases due to
decrease in temperature, the ability of solvent molecules to
reorient themselves in response to solute excitation
decreases. At temperatures below the glass transition,
fluorescence maximum does not change. However, the .«
positions of NATA and 3-methylindole at temperatures less
than 155 K are lower than those observed for the same
compounds in TS film.

In dry TS film, NATA and 3-methylindole do not exhibit
large fluorescence maximum shifts with change in temper-
ature. Instead, the A, positions for these compounds
remain constant around 323 and 327 nm for NATA and
3-methylindole, respectively (Fig. 7A). These results sug-
gest that any interactions formed between solvent and solute
in solid, stable TS matrix at room temperature are preserved
at low temperature. When wet TS film is used, the spectra
do show shifts. The water in wet TS film rearranges with
temperature, as indicated by its HOH bending frequency
(Fig. 2).

The fluorescence spectra profiles for NATA and
3-methylindole in glycerol/water and TS glass (Fig. 5)
support these conclusions. In glycerol/water at room

temperature, the fluorescence profile of exposed indole is
broad and unstructured—similar in shape to that seen when
in TS glass. However, as temperature is lowered below 200
K, the spectra become more defined and cease to shift.
This result can be explained in terms of OH group ability
to interact with indole. Glycerol/water has a larger
concentration of OH groups than TS glass; a 60:40 (v/v)
mixture contains an approximate 1:3 molar ratio of
glycerol (three OH groups) to water. Assuming a random
arrangement of solvent around the solute, the OH groups in
glycerol/water should also be able to interact with the
indole chromophore. We surmise that as temperature
decreases the liquid solvent rearranges to lowest energy
conformation and hydrogen bonding between the OH
groups of glycerol and water increases—making glycerol/
water OH groups less available for interaction with the
indole rings. In TS film, where OH groups are not as
readily available for interaction, the fluorescence profile
remains unstructured and stationary throughout the temper-
ature excursion.

For calcium parvalbumin and aldolase (Fig. 6), examples
of tryptophan residues in buried environments, no shift is
exhibited in either glycerol/water or TS glass. This result
correlates with the findings of Vivian and Callis [8]; buried
tryptophan is less influenced by solvent polarity and
interactions. This provides an additional argument that it
is mobile water producing the shift. We point out also that
there is a slight increase in profile structure definition.
Similar results are seen for the 0,0 transition of phosphor-
escence. This effect does not seem to be correlated with
water content.

The rigidity of TS glass also influences phosphorescence
lifetime and at room temperature phosphorescence can be
seen for chromophores in films [36-38]. At low temper-
ature, phosphorescence lifetime was lower for indole in the
exposed compounds relative to the buried compounds
(Table 3). These results appear to contradict findings that
lifetime is solely dependent upon solvent viscosity [39]. A
possible explanation for this discrepancy lies in the structure
of the indole ring. It is possible that the rigid TS glass
distorts the indole of the exposed compounds studied—
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leading to a ~1.5-2 s decrease in phosphorescence lifetime.
In proteins where the tryptophan residues are buried, the
decrease is less drastic (calcium parvalbumin) or an increase
is observed (aldolase).

4.3. Spectra are influenced by internal Stark effect

The fluorescence results seen in this study can further be
explained in terms of internal Stark effect, or shifts related to
the electric field imposed by the amino and carboxyl groups
of tryptophan. Quantum mechanical studies have predicted
red shifts (4. shifts to longer wavelengths) to be related to
positive charges near the benzene ring or negative charges
near the pyrrole ring of indole. Protonation of the amine
group of tryptophan, as seen when solvent pH is lowered to
pH 1.4, leads to creation of a positive electric field near the
pyrrole ring of the residue. This field induces the blue shift
in fluorescence maximum seen at higher temperatures (Fig.
11). When solvent pH is raised to pH 10.6, the negative
charges of the carboxyl and amino groups produce negative
electric fields localized near the tryptophan pyrrole ring. The
negative field in this location creates the red shift in
fluorescence maximum (Fig. 11). These conclusions are
further supported by molecular modeling (Fig. 14). The
electrostatic field gradients for the neutral and charged
molecules display positioning of the negative fields relative
to the pyrrole ring.

Phosphorescence exhibits trends similar to that of
fluorescence. However, the neutral tryptophan molecule
undergoes a larger shift in phosphorescence maximum than
either of the charged molecules (Fig. 12). The neutral
molecules move from a maximum position characteristic of
the deprotonated form at high temperature to a position
characteristic of the protonated form at low temperature.
This result may be explained by the zwitterionic state of the
carboxyl and amino groups of tryptophan at pH 7.0, which
has its own dipole. This dipole could possibly disturb water
molecule rearrangement around the tryptophan dipole at
high temperature—thus explaining the higher energy state
of tryptophan phosphorescence at pH 7.0 and high temper-
ature. The results can also be explained in terms of free
energy of solvation (Table 4). The charged molecules have a
more negative free energy of solvation than the neutral
molecule. Therefore, less energy is required for solvent
rearrangement surrounding the charged molecules. Fluores-
cence spectra likely do not exhibit the same characteristics
due to differences in emission lifetime in relation to time
needed for water rearrangement; phosphorescence exists on
the order of milliseconds to seconds whereas fluorescence
lifetime lasts for nanoseconds.

For both fluorescence and phosphorescence, the effect of
pH is retained across the entire temperature range; that is,
the deprotonated state (net charge —1) consistently shifts
spectra to the red and the protonated state (net charge +1)
consistently shifts spectra to the blue in relation to the net
neutral state. Retention of the pH effect is an indication that

Table 4
Electrostatic contribution to free energy of solvation (kcal/mol) for
tryptophan in solvent with dielectric 80 and 2

Compound, charge Electrostatic contribution to free energy of

solvation (kcal/mol)

Solvent dielectric 80 Solvent dielectric 2

L-tryptophan, 0 charge —21.48 —3.38x102
L-tryptophan, +1 charge —106.45 —6.72x1072
L-tryptophan, —1 charge —93.90 —4.07x102

water molecules do not rearrange enough to neutralize the
charge effect.

5. Summary

Tryptophan luminescence provides a wealth of informa-
tion related to solvent matrix dynamics. Studies of
tryptophan fluorescence and phosphorescence emission
over a range of temperature (290 to 12 K) in glycerol/water
and trehalose/sucrose matrix illustrate the ability of solvent
molecules in fluid matrices, such as glycerol/water prior to
the glass transition (155 K), to rearrange. As temperature is
decreased below the glass transition, the liquid solvent
rearranges to lowest energy conformation causing hydro-
gen-bonding interactions between the OH groups of
glycerol and water increases—making glycerol/water OH
groups less available for interaction with the indole rings. In
more rigid media (trehalose/sucrose), fluorescence and
phosphorescence emission spectra are constant over temper-
ature—demonstrating the static interaction of OH groups
with tryptophan. In both glycerol/water and TS glass, water
retains the ability to rearrange and relax at even the lowest
temperature. Internal Stark effect is also observed for the
indole chromophore of tryptophan when in varying degrees
of protonation. The pH effect seen is retained across all
temperatures—an indication that water does not rearrange
enough to neutralized the charge effect. Tryptophan residues
buried in proteins (calcium parvalbumin and aldolase)
exhibit profiles of fluorescence spectra independent of
solvent and temperature effects; that is, these tryptophan
residues do not show spectral changes.
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